Automotive Lightweighting Materials

E. Composite Crash Energy Management

Principal Investigator: Richard Jeryan

Ford Research Laboratories

2101 Village Road

MD3137 SRL

Dearborn, M| 48124-2053

(313) 594-4903; fax: (313) 337-5581; e-mail: rjeryan@ford.com

Field Project Manager: C. David Warren

Oak Ridge National Laboratory

P.O. Box 2009, Oak Ridge, TN 37831-8050

(865) 574-9693; fax: (865) 574-4963; e-mail: warrencd@ornl.gov

Technology Area Development Manager: Joseph Carpenter
(202) 586-1022; fax: (202) 586-1600; e-mail: joseph.carpenter@ee.doe.gov
Field Technical Manager: Philip S. Sklad

(865) 574-5069; fax: (865) 576-4963; e-mail: skladps@ornl.gov

FY 2004 Progress Report

Contractor: U.S. Automotive Materials Partnership (cooperative agreement) Automotive Composites

Consortium Energy Management Working Group
Contract No.: FC26-020R22910

Objectives

e Determine experimentally the effects of material, design, environment, and loading on macroscopic crash

performance to guide the design and the development of predictive tools.

e Determine the key mechanisms responsible for crash energy absorption and examine microstructural behavior

during crash to direct the development of material models.

e Develop analytical methods for predicting energy absorption and crash behavior of components and structures.

e Conduct experiments to validate analytical tools and design practices.

e Develop and demonstrate crash design guidelines and practices.

e Develop and support design concepts for application in demonstration projects.

Approach

e Conduct experimental projects to increase understanding of the global and macro influences of major variables

on crash performance.

e Use the data from these experiments to create crash intuition, guidelines, and rules of thumb and data for the

validation of analysis developments.

e  Conduct microscopic experimental characterization to define the mechanisms that occur during and as a result

of the crash process.

e Develop and validate analytical design tools to predict structural crash performance based on both
phenomenological and micromechanical approaches to material and crash mechanism modeling.
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Accomplishments

[ )
reduced at higher strain rates.

testing.
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Completed high-rate compression tests to demonstrate that shear transfer between fiber tows and matrix is

Completed static and dynamic tests to determine effects of friction during sliding and bending.
Completed static and dynamic tests to determine Mode | and Mode 11 adhesive fracture properties.

Completed down-selection of composite sandwich face/core configurations and initiated second phase of

Implemented cohesive zone models into finite-element analysis codes and demonstrated good agreement with
experimentally determined behavior of bulk adhesive.

Characterized in-situ and bulk composite matrix material properties and examined details of the fiber

architecture of molded specimens to understand anomalies in material properties and energy absorption of

braided composites.

Completed the analysis of the fracture of a composite strip under a combined bending and compression load.

Experiments are being conducted to validate the analytical results.

Future Direction

[ ]
tools to predict structural crash performance.

approaches.

Continue the development and validation of both micromechanical and phenomenological analytical design

Expand micromechanical approaches to model material and crash mechanisms and explore novel multiscale

Expand focus on design tools suitable for use with random chopped carbon-fiber-reinforced composites.
Continue the characterization of the energy absorption mechanisms of carbon-fiber-reinforced composites.

Characterize the critical physical parameters required for analytical model development. Develop test methods

to obtain the stress-strain response beyond the peak stress of the materials and expand the current experimental
methods to more fully characterize the dynamic material and physical properties needed to advance the

modeling capability.

Determine the effects of manufacturing features and environmental and loading factors, for example, minor

field damage, abrasion, fatigue, and cumulative effects, on the macroscopic crash performance of carbon and
carbon/glass hybrid reinforced composites. These results will establish design guidelines and guide the

development of predictive tools.

Develop relationships to implement analytical tools for commercial use.

Introduction

The purpose of the Crash Energy Management
Program is to develop and demonstrate the tech-
nologies required to apply production-feasible
structural composites in automotive crash and
energy management applications. Projects within the
program are intended to understand the mechanisms
of polymer composite crash, develop analytical tools
for use in vehicle design, and build a knowledge
base for the vehicular application of lightweight
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polymer composites. The projects relate to materials,
molding, and assembly process and design configu-
rations that are useful in realistic applications.
Design analysis methods will be developed that can
be used at the several different steps in the design
process. These steps require different levels of preci-
sion and speed of use, and the appropriate tools are
expected to include both micro-mechanical and
phenomenological approaches.
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Static vs Dynamic Performance

This project’s objectives are to experimentally
determine the microstructural factors and behaviors
that lead to decreased energy absorption when
crushing tubes dynamically. In this study, the strain
rate effects of a braided carbon fiber composite are
investigated at the specimen level. The goal is to
determine the source of rate effect using specimen-
level tests and develop experimental methods by
which candidate materials for energy absorption can
be evaluated for their rate sensitivity. The results of
this study will be used to develop and enhance
analytical models that will need to take into account
rate-sensitive material behavior.

Material properties of the two composite mate-
rial systems were measured. This included the virgin
and the in-situ properties (i.e. matrix properties
within the composite) of the resins. The results
showed that in-situ properties were much lower than
the virgin properties. This suggests that virgin prop-
erties of the resins are not useful for characterizing
the composite material properties or behavior. Mode
I and 11 fracture toughness tests were carried out on
thick specimens at both static and dynamic loading
rates, Figures 1 and 2. The results showed that for
both Mode I and Il, increasing loading rates resulted
in lower fracture toughness. In addition, high-rate
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compression tests were conducted to characterize the
rate-dependent inelastic response. The results
showed that shear transfer between the fiber tows
and matrix was reduced at higher strain rates. This
implies that the load carrying capacity of the fibers
is lower at high strain rates.

Friction Effects on Crash Performance

The objectives of this work are to
(1) experimentally determine the relative energy
absorption due to each mode of a progressively
crushed composite tube and isolate that portion of
energy absorption due to friction and (2) evaluate
differences in friction energy absorption between
quasi-static and dynamic crush.

All dynamic and static testing has been
completed for tubes and strips. The dynamic testing
was performed on the National Transportation
Center Test Machine for Automotive Crashworthi-
ness (TMAC). The specific energy absorption (SEA)
was 23% lower for dynamic loading than static
loading. Results show that for static loading friction
accounted for 30% of SEA and only 13% when
tested dynamically. More than 80% of the difference
in SEA between static and dynamic loading is
attributable to friction.

Crack
Propagation

Initial Notch

Figure 1. Three-point bending test setup for Mode | fracture toughness measurement.
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Figure 2. End-notched fracture (ENF) test setup for Mode 1l fracture toughness measurement.

Impact Performance of Bonded Structures

The objectives of this effort are to (1) evaluate
the performance of bonded structures under crash
loads; (2) examine the influence of bond design
concepts, impact velocity, and other material issues;
and (3) fabricate new molding tools to produce
simulated automotive structures. Visteon Corpora-
tion, a Tier | automotive supplier, is leading this
effort jointly with Focal Project 3 and the Automo-
tive Composites Consortium (ACC) Energy
Management and Joining Work Groups.

An integrated computational and experimental
study of the dynamic response and behavior of an
adhesively bonded, automotive substructural
component under impact loading is undertaken here.
The approach consists of characterizing the dynamic
fracture of the adhesive material under various mode
mixities. Numerical constitutive models of the adhe-
sive are developed and validated. The numerical
constitutive model of the adhesive will be imple-
mented in the LS-DYNA software package to
simulate the tube crush tests. Corroboration of the
test results with the simulation will be used to assess
the computational modeling methodology.

In the experimental part, the test methods for
measuring the fracture parameters under dynamic
Mode I, Il, and mixed-Mode I/11, loading were
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established. Data analysis methods for Mode I and 11
were developed. Static and dynamic fracture tests,
Figure 3, were conducted using both aluminum and
composite adherends. The results for Mode | and Il
tests are presented in Figure 4 and Table 1.

In the computational effort, the CZM (cohesive
zone model) constitutive law was used to study the
dynamic crack propagation in adhesively bonded
structural joints. There is a nonlinear relationship
between the interfacial tractions and the relative
displacements of the upper and lower surfaces of a
crack. The law for mode I fracture initiation and
crack propagation is shown in Figure 5, where T1
denotes the normal traction component, or peel
component, and A denotes the opening displace-
ment. The CZM law was implemented in an inter-
face finite element, which is located between either
two-dimensional (2-D) or three-dimensional (3-D)
bulk material elements. In 2-D models the interface
element is a line in the undeformed geometry, and in
3-D models it’s a surface. The element level matri-
ces were formulated, and the element was incorpo-
rated into ABAQUS® using the User-defined
Element (UEL). The CZM law was further modified
to incorporate rate-dependent behavior in the inter-
face element. The comparison of the numerical
results, using both rate-independent and rate-
dependent CZM laws and experimental data for
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Figure 3. Static and dynamic fracture test configurations.
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Figure 4. Mode I and Il fracture test envelop for the
adhesive.

Table 1. Mode I and |1 energy release rates for adhesive

Mode I/11 energy release rates

Peak/initiation ~ Average
Adherent (2/m2) (3Im2)
6.4-mm aluminum DCB Static 1800 610
Dynamic 1900 N/A
36-ply composite DCB Static 1200 440
12-ply composite DCB Static 2700 510
Dynamic 1400 N/A
12-ply composite DCB Dynamic 3100 N/A
12-ply composite SLB Mode | 1000 N/A
Mode Il 1400 N/A
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Figure 5. Nonlinear behavior of the traction opening
displacement curve.

double-cantilever beam (DCB) specimens is shown
in Figure 6.

Next, the interface element was implemented in
LS-DYNA using the user-defined material (UMAT)
option. The traction-displacement law from the
interface element has been modified to a stress-
strain law for use in the UMAT subroutine. The
UMAT was implemented using the standard library
8-noded solid brick element. Preliminary results for
a DCB analysis were obtained using the newly
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implemented CZM law in LS-DYNA analysis and
are compared with ABAQUS® as shown in Figure 7.

Performance of Novel Sandwich Composites

The objective of this project is to investigate the
viability and crashworthiness of novel sandwich
composite concepts for automotive applications.

Topics such as wrinkling, face-sheet debonding,
Poisson's effects and core-skin property mismatch,
load rate effects, impact damage modes, and energy
absorption were identified as part of the research
effort. The research work being performed at the
University of Utah is split into three phase-specific
objectives:

Phase I: To evaluate candidate materials,
concepts, and manufacturing methods for automo-
tive sandwich composites. This two-round experi-
mental evaluation of energy absorption, damage
mechanisms, and mechanical properties will be used
to identify the best-suited sandwich composite con-
cepts for further investigation in the second phase.

Phase Il: To develop an understanding of the
structural response of selected sandwich composite
concepts identified in Phase 1. This investigation
will focus on damage modes and energy absorption
mechanisms during impact loading as well as static
loading.
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Figure 6. Tip reaction forces for DCB specimen using rate-dependent law and bulk

adhesive modeling.
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Figure 7. Comparison of results for DCB analyses using CZM law as implemented in LS-

DYNA and ABAQUS.

Phase I11: To develop and validate finite-element
(FE) based methodologies for predicting damage
formation and energy absorption in candidate sand-
wich composite concepts identified in the first two
phases of the program.

The Phase | has been completed. Thirteen
different sandwich configurations were subjected to
three types of testing viz., flat-wise tensile, three
point bending, and edgewise compression. The
configurations tested included both thermoset and
thermoplastic facesheets and had an overall thick-
ness of 15 mm. Five sandwich configurations were
chosen for the second round of tests including flex-
ural creep, edgewise impact, flexural impact, and
interlaminar shear tests. Four configurations were
selected for evaluation in Phase 11 based on the crite-
rion of mechanical performance, manufacturing
ease, and cost. These facesheet/core configurations
were Carbon-Epoxy/Balsa, Carbon-Epoxy/
Polyurethane foam, P4 Carbon-Epoxy/Polyurethane
foam, and P4 Carbon-Epoxy/Balsa.

Postpeak Response Characterization of 2-D
Triaxially Braided Composites

The objectives of this project are to
(1) computationally demonstrate postpeak
softening (PPS) observed with single unit cell
structural models on multicell structural models;
(2) computationally investigate how the hierarchy
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of behavior modes and the number/arrangement of
unit cells affect PPS predictions; (3) computationally
investigate how the variation in degree of imperfec-
tion in the microarchitecture affects the derived
structural properties of the 2-D Triaxially Braided
Composite (2DTBC); and (4) experimentally test
multiunit cell structural specimens to reflect, refute,
or support the findings of the above objectives.

In the approach to this project, scalability of
macroscopic structural stress-strain relations in
2DTBC will be investigated and studied. Computa-
tional models will be employed to demonstrate PPS
observed with single-unit cell structural models on
multicell unit structural models. The results of such
analyses are directly applicable to the development
of structural properties of 2DTBC for large-scale FE
simulations that are needed to assess energy absorp-
tion in 2DTBC structural components. Using laser
extensometer and speckle photography (for full field
strain measurements), experimental tests to measure
PPS on single and multicell 2DTBC will be
performed. Further, computational models that
incorporate cohesive zones (CZs) within the cell in
order to capture experimentally observed tow/matrix
separation will be developed and analyzed including
the effect of CZ on PPS. Finally, the computational
analyses will be carried further to study and charac-
terize the effects of measured architecture imperfec-
tions on the single-unit cell and multicell structural
stress-strain properties of 2DTBC, including the



effects of different types and distribution of imper-
fection on PPS.

The primary materials (Hetron and Epon) were
experimentally characterized by measuring their
pure (virgin) properties, performing coupon tension
tests (with 0, +45/-45 tow orientations), and then
using data reduction techniques back-calculated to
in-situ material properties. It was found that in-situ
matrix properties differ from pure matrix properties,
and hence, the in-situ properties (not pure) should be
used for subsequent FE analyses.

Because axial fiber tows are the dominant load-
carrying component of the braided composite archi-
tecture, statistical scanning electron microscopy
(SEM) in conjunction with photo-stitching tech-
nigues were performed on the Hetron- and Epon-
based composites. From the detailed specimen
preparation and subsequent SEM images, it was
found that unwetted regions inside the tows needed
to be accounted for (e.g., FE analysis) by a reduction
in tow cross-sectional area and/or material constants.
Such regions that reduce the fiber volume fraction
exist in the Hetron-based composite and are usually
associated with microcracking. However, detailed
SEM images of Epon-based composite show that the
tows are fully wetted and microcracks are minimal.
Such a difference might explain (at this early stage
in the study) the higher energy absorption capacity
of the Hetron-based system as compared with the
Epon-based one as reported in the literature.

A detailed FE model has been developed
encompassing several unit cells of the above braided
architectures and material systems and is currently
being analyzed and compared with experimental
data.

The Principal Investigator and his team have
investigated and tested several laser extensometers
and are in the final stages of making the purchase
decision. This will be used in tracking deformations
that are intra-unit cell as well as inter-unit cells (in
specimen with several unit cells).

Energy Absorption of Triaxially Braided
Composite Tubes

The objective of the project is to develop a
predictive tool for the crush analysis of triaxially
braided composite structures under dynamic loads
based on a smeared micromechanics model devel-
oped in an earlier project that specifically targeted
static loading. The smeared micromechanics model
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meant for static analysis was simplified to improve
computational efficiency, without loss of precision.

The effects that were considered as significant
role players were stress concentration, fiber tow
scissoring, and rate dependency. The scissoring was
introduced based on the assumption that once the
matrix fractured in a unit cell, the tows could scissor
under a constant tow load until the tows jammed
against one another. This phenomenon was observed
experimentally, and the tow rotation measured in the
experiments was predicted using the FE analysis in a
static mode. The effect of delay in damage propaga-
tion as a result of stress concentration was captured
using the fiber bundle theory of Tsai and Hahn
specialized for the triaxial braid situation.

The effect of stress-concentration was demon-
strated by comparing experimental and numerical
results in case of a tensile specimen with a hole. The
critical damage area approach based on Tsai-Hahn
fiber bundle theory was found to be very effective.
The effect of strain rate on the damage evolution
was introduced based on Sun et al.’s approach of
anisotropic viscoplasticity. It was demonstrated on
dynamic crushing of square tube with £45° layup.

The constitutive model with scissoring, stress-
concentration, and rate dependency has been imple-
mented as a user material subroutine in the explicit
version of ABAQUS. The user material needs to be
tested thoroughly against several tube tests at differ-
ent rates of loading.

Lateral Impact Study

The objective of the project is to achieve a
fundamental understanding of the energy-absorbing
mechanisms in triaxially braided composites
subjected to lateral bending and impact. A combined
experimental and analytical approach has been
planned and implemented for this purpose. The
analytical study has applied the smeared microme-
chanics material model previously developed in the
Energy Management Program, available as a user
subroutine with ABAQUS®. Based on the study of a
simple test specimen, a specimen representative of
an automotive component such as a B-pillar will be
proposed.

The overall study involves three distinct phases:
smeared micromechanics material model of
composite strips under lateral bending, validation of
the model using experimental data, and extension of
the model for designing automotive components
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such as the B-pillar of a passenger compartment.
Phase | of the project has been finished with
modeling and analysis of a [Oggk/+4512k] triaxial
carbon fiber braided composite strip subjected to
off-axis compressive loading. Damage initiation and
accumulation at the midlength of the strip have been
observed with identification of many energy absorp-
tion modes. Principle modes observed include tow
splitting—in-plane and out-of-plane, axial tow
compression, matrix cracking, and interply delami-
nation, which all contribute to some degree to mate-
rial degradation/softening in the strip subject to
lateral bending. The axially braided composite
exhibits, as observed in the micromechanics model,
a phenomenon in which the material within Repre-
sentative Unit Cell (RUC) can regain a prominent
stiffness even after a peak load point. This would be
caused by a dramatic change of stiffness distribution
in a RUC as a certain scale of accumulated micro-
mechanics damage zone has been reached

Project activity in Phase Il is being carried out to
pursue experimental investigation into the composite
strips for validating the model effectiveness and
competitiveness, including model capabilities for
characterizing mechanical properties of the unit cell
structure in the braided composite. Atkins & Pierce
was selected to provide the braided raw materials
(production code 4374-2) for plaque molding. The
molded plaques were then provided to the university
contractor for specimen cutting and testing in July
2004. Guidelines on procedures for all the tests,
including material test matrix and specimen cutting
layout were established for research contractors to
follow to acquire proper experimental data for vali-
dation. Total of 90 specimens were planned on char-
acterizing properties of triaxially braided composites
in tensile, compression, pure bending, and lateral
bending. The tests started in the fourth quarter of
FY 2004 and are projected to be finished in the first
quarter of FY 2005.

Summary

The Crash Energy Management Program devel-
ops and demonstrates technologies that are required
to apply production feasible structural composites in
automotive crash and energy management applica-
tions. Projects within the program are intended to
understand the mechanisms of polymer composite
crash, develop analytical tools for use in vehicle
design, and build a knowledge base for the vehicular
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application of lightweight polymer composites. The
FY 2004 experimental projects follow:

High rate compression tests were completed to
demonstrate that shear transfer between fiber
tows and matrix is reduced at higher strain rates.
Static and dynamic laboratory tests were
completed to determine effects of friction during
sliding and bending.

Mode | and Mode 1l adhesive fracture properties
were determined in both static and dynamic
tests.

Composite sandwich face/core configurations
were evaluated, and the down-select was
completed to initiate the second phase of testing.
In-situ and bulk composite matrix material prop-
erties were characterized, and details of the fiber
architecture of molded specimens were exam-
ined to understand anomalies in material prop-
erties and energy absorption of braided
composites.

The analytical studies indicated the following:
Cohesive zone models were implemented into
FE analysis codes and demonstrated good
agreement to experimentally determined behav-
ior of bulk adhesive.

The analysis of the fracture of a composite strip
under a combined bending and compression
load was completed using a code previously
developed in the program. Experiments were
initiated to validate the analytical results.
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